A very exotic decay mode at the proton drip-line, β-delayed γ-proton decay, has been observed in the β decay of the T z = -2 nucleus 56 Zn. Three γ-proton sequences have been observed following the β decay. The fragmentation of the IAS in 56 Cu has also been observed for the first time. The results were reported in a recent publication. At the time of publication the authors were puzzled by the competition between proton and γ decays from the main component of the IAS. Here we outline a possible explanation based on the nuclear structure properties of the three nuclei involved, namely 56 Zn, 56 Cu and 55 Ni, close to the doubly magic nucleus 56 Ni. From the fragmentation of the Fermi strength and the excitation energy of the two populated 0 + states we could deduce the off-diagonal matrix element of the charge-dependent part of the Hamiltonian responsible for the mixing. These results are compared with the decay of 55 Cu with one proton less than 56 Zn. For completeness we summarise the results already published.
Introduction
The study of the properties of nuclei far from stability is one of the main frontiers of modern nuclear physics. Among many possible observables for nuclear structure, the β-decay strengths provide important testing grounds for nuclear structure theories far from stability. The mechanism of β decay is well understood and dominated by allowed Fermi (F) and Gamow-Teller (GT) transitions. A successful description of the nuclear structure of the states involved should provide good predictions for the corresponding transition strengths B(F) and B(GT).
We have studied the β + decay of the T z = −2 56 Zn nucleus to the T z = −1 56 Cu nucleus and have reported our results in [1] . We have observed competition between β-delayed proton and γ emission in states well above the proton separation energy S p . Moreover we observed β-delayed γ rays that populate proton-unbound levels that subsequently decay by proton emission. This observation emphasizes the need for Ge detectors in order to determine the B(GT) correctly, even when the β-feeding is to proton unbound levels. In the present case, in order to determine B(GT) properly, the intensity of the proton transitions has to be corrected for the amount of indirect feeding coming from the γ de-excitation. Although similar cases were suggested in the sd-shell [2, 3] and observed in the decay of 32 Ar [4] , this exotic decay mode has been observed here for the first time in the f p shell. Moreover how this new decay mode affects the determination of B(GT) has not been discussed prior to our paper [1] .
The proton decay of the IAS is usually isospin forbidden and consequently the slower γ decay mode can compete even if the state is well above the S p . Such cases have been observed before [5] . However the case of 56 Zn decay is special, we have observed that its IAS in 56 Cu is fragmented in two 0 + states. These two states are an admixture of T=1 and T=2 configurations. The proton decay of the T=2 component is isospin forbidden, but the T=1 is not. In consequence, the de-excitation of both 0 + states should be dominated by the fast proton decay. The observed competition between proton-and gamma-decay for the 3508 keV state (our sensitivity does not allow us to see this for the other state), makes this case both exotic and interesting. We believe that this unusual behaviour is due to the structure of the nuclei involved and to the fact that we are close to the doubly-magic nucleus 56 Ni. Here we summarise the results already published [1] and also discuss the proton-γ competition for the first time. Another important difference with respect to the results presented in [1] is that the mass excess of 56 Cu has now been measured. A preliminary value for the mass excess of 56 Cu of -38530(90) keV has been reported [6] which agrees with the value we used in [1] that was derived from systematics [7] , rather than the value given in [8] . Since the measured value is still preliminary, we have followed the same criteria as in [1] and used [7] to calculate the Q # EC and S p . The present experiment was motivated by a comparison with the mirror charge exchange (CE) reaction on 56 Fe [9] . Indeed β decay and CE studies are complementary and, assuming isospin symmetry, they can be combined to determine the absolute B(GT) values up to high excitation energies [10] [11] [12] . Hence precise determination of the B(GT) is important.
Experiment
The β-decay experiment was performed at the LISE3 facility of GANIL [13] in 2010, using a 58 Ni 26+ primary beam with an average intensity of 3.7 eµA. This beam, accelerated to 74.5 MeV/nucleon, was fragmented on a 200 µm thick natural Ni target. The fragments were selected by the LISE3 separator and implanted into a 300 µm thick Double-Sided Silicon Strip Detector (DSSSD), surrounded by four EXOGAM Ge clovers for γ detection. The DSSSD was used to detect both the implanted fragments and subsequent charged-particle decays (βs and protons). An implantation event was defined by simultaneous signals in both a silicon ∆E detector located upstream and the DSSSD. The implanted ions were identified by combining the energy loss signal in the ∆E detector and the Timeof-Flight (ToF) difference between the cyclotron radio-frequency and the ∆E signal. Decay events were defined as giving a signal in the DSSSD and no coincident signal in the ∆E detector.
Analysis and Results
The 56 Zn ions were selected by setting gates off-line on the ∆E-ToF matrix. The correlation time was defined as the time difference between a decay event in a given pixel of the DSSSD and any implantation signal that occurred before and after it in the same pixel that satisfied the conditions 56 Fe( 3 He,t) 56 Co reaction spectrum [9] . Peaks are labeled by the excitation energies in 56 Co.
required to identify the nuclear species. The proton decays were selected by setting an energy threshold above 800 keV and looking for correlated 56 Zn implants. The spectrum of the time correlations between the 56 Zn implants and the protons was fitted with a function including the β decay of 56 Zn and a constant background. A half-life (T 1/2 ) of 32.9(8) ms was obtained for 56 Zn [1] , in agreement with [5] . Fig. 1(a) shows the spectrum of charged-particles associated with 56 Zn implants. Two kinds of state are expected to be populated in the β decay of 56 Zn to 56 Cu: the T = 2, J π = 0 + IAS, and a number of T = 1, 1 + states. From the comparison with the mirror nucleus 56 Co, all of these states will lie above S p = 560(140) keV [7] and will decay by protons. Indeed most of the strength in Fig. 1(a) is interpreted as β-delayed proton decay to the 55 Ni ground state. We attribute the broad bump below 800 keV to β particles that are not in coincidence with protons. The proton peaks seen above 800 keV are labeled in terms of the excitation energies in 56 Cu. The large uncertainty of ±140 keV in the 56 Cu level energies comes from the uncertainty in the estimated S p . The proton decay of the IAS is identified as the peak at 3508 keV, as in [5] . Figure 1(b) shows the triton spectrum from the mirror T z = +2 → +1, β − -type CE reaction 56 Fe( 3 He,t) 56 Co recorded at RCNP Osaka [9] . The corresponding 56 Co states were determined with ∼ 30 keV resolution. Figs. 1(a) and 1(b) have been aligned in excitation energy in 56 Cu and 56 Co. There is a good correspondence between states in the mirror nuclei 56 Cu and 56 Co.
Imposing coincidence conditions on the total proton spectrum or on the various proton peaks in Fig. 1(a) , three proton-γ-ray coincidence peaks were observed (Fig. 2) . All of our observations are discussed in [1] and result in the 56 Zn decay scheme shown in Fig. 3 . The 831 keV proton transition could be placed as de-exciting the 3508 or 1391 keV levels. The former is ruled out by the observed 831 keV proton-309 keV γ coincidences (Fig. 2(d) ). Three cases of β-delayed γ-proton emission have been established experimentally. Other cases of γ decay from an IAS above S p have been observed in this mass region [5, 14] . The particular circumstance here is that the final level is also proton-unbound, consequently the β-delayed γ-proton decay has been observed for the first time in the f p-shell. Table  I shows the center-of-mass energies of the proton and γ peaks, and their intensities deduced from the areas of the peaks. For a proper determination of B(F) and B(GT), the β feeding to each 56 Cu level was estimated from the proton and γ intensities, taking into account the amount of indirect feeding produced by the γ de-excitation. In the case of the IAS we have assumed that the state decays in a similar way to its counterpart in the mirror therefore another γ-decay branch was added [1] . The measured T 1/2 , β feedings I β and B p together with the Q # EC and S p from [7] were used to determine the B(F) and B(GT) values shown in Table II and in Fig. 3 .
The total Fermi transition strength has to be |N − Z| = 4. The 56 Cu IAS at 3508 keV has a Fermi strength B(F) = 2.7(5). The missing strength, 1.3(5), has to be hidden in the broad peak at 3423 keV. This is a confirmation that the 56 Cu IAS is fragmented and thus most of the feeding to the 3423 keV level (assuming it contains two or three unresolved levels) corresponds to the Fermi transition and the remainder to the GT transition. The isospin impurity α 2 (defined as in [9] ) and the off-diagonal matrix element of the charge-dependent part of the Hamiltonian H c , responsible for the isospin mixing of the 3508 keV IAS (0 + , T = 2) and the 0 + part of the 3423 keV level (T = 1), were derived assuming two-level mixing. For 56 Cu it was found that H c = 40(23) keV and α 2 = 33(10)%, similar to the values obtained in the mirror 56 Co [9] , H c = 32.3(5) keV and α 2 = 28(1)%. It is interesting to compare our results on the decay of 56 Zn with T z = −2 with the investigation on the decay of 55 Cu with T z = −3/2, only one proton apart. In a recent article [15] a strong fragmentation of the IAS was observed. We note that in [15] the states could be fed by both F and GT transitions, although the GT component is small. Similarly here the second 0 + state (fed by F) could not be separated from a 1 + state (fed by GT) although the feeding to the 1 + state is small. In the 55 Ni case, H c = 9(1) keV and α 2 = 27(7)%, also in accord with observations in the mirror. In both cases the mixing matrix element is small, but it seems to increase when moving away from N = Z. An interesting and puzzling open question is, considering that the isospin mixing is quite large in 56 Cu, why we are still observing the γ de-excitation from the IAS when the partially-allowed proton decay is, in principle, much faster. The mirror level in 56 Co lies at 3600 keV. It has t 1/2 = 2 × 10 −14 s, and decays only by γ de-excitation, with the strongest of the three branches having an energy similar to that of the corresponding gamma-ray observed in the decay of the 56 Cu IAS. This allows us to estimate the 3508 keV partial γ half-life. The proton half-life of the IAS in 56 Cu is estimated to be of the order of 10 −18 s, i.e. 10 4 times faster. One possible answer to this dilemma lies in the nuclear structure of the levels involved. In Fig. 4 we sketch the way the decay may proceed. We start with the assumption that the 56 Zn ground state (gs) has the two extra protons above the Z=28 gap in the πp 3/2 orbital and the two neutron holes in the ν f 7/2 . In Fig. 4a the decay proceeds by transforming a proton in the πp 3/2 into a neutron in νp 3/2 . The subsequent proton decay will most probably remove the unpaired proton from the πp 3/2 orbital. As shown in the figure, the final state in 55 Ni, will consist of a neutron particle-hole excitation across the N=28 gap on top of the neutron hole in the ν f 7/2 orbital which is the most probable configuration for the gs in 55 Ni. This neutron particle-hole excitation will lie at 4 to 5 MeV excitation energy and is therefore outside the available energy gap for the protons of ∼3 MeV (3508-560 keV, see Fig. 3 ). In Fig. 4b we assume the same gs for 56 Zn but in this case the decay proceeds through the transformation of a proton from the π f 7/2 level into one of the two available holes in the ν f 7/2 shell. The proton decay will probably remove one of the two available protons in the πp 3/2 orbital in 56 Cu giving rise to a final proton particle-hole excitation on top of the ν f 7/2 hole in the 55 Ni gs which should again lie at 4 to 5 MeV above the gs in 55 Ni. We note that the same argument applies if we start by assuming that the two protons occupy the π f 5/2 or the πp 1/2 orbitals (moreover, if the proton decay originates from the π f 7/2 the situation is even less favourable since the final state will involve two particle-hole excitations across the the N and Z = 28 gaps). In summary, the proton decay of the IAS of 56 Zn into 55 Ni is strongly hindered from the nuclear structure point of view. This may explain why the γ-decay can compete with it. Shell model calculations to confirm these ideas are in progress.
